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1. Introduction
Polylactide (PLA), polyglycolide (PGA) and their
copolymer (PLGA) have been widely used as bio-
medical materials in absorbable sutures, orthopaedic
devices, tissue scaffolds or drug delivery [1–3].
These types of biopolymers can be synthesized by
direct melt polymerization of the hydroxyacids lac-
tic and glycolic acid, as well as by ring-opening of the
cyclic dimers lactide and glycolide (Figure 1). Ring-
opening polymerization (ROP) can take place by
cationic, anionic, coordination-insertion or enzymatic
mechanisms. The coordination-insertion method
has drawn the most attention and has been widely
employed due to advantages such as lower risk of
side reactions, higher molecular weights obtained
and easy control of the molecular weight [4, 5]. Tin
alkoxides and carboxylates have been usually used
as catalysts for this mechanism, but the deposition
of toxic metallic residues, difficult to extract, into
the resulted polyesters becomes a severe drawback.
This fact explains the success of zinc octoate,
ZnOct2, as a substitute [5–7]. The mechanism con-
sists in the conversion of ZnOct2 into zinc alkoxide
by reaction with an alcohol added as an initiator.
The deliberate addition of a predetermined amount
of alcohol to the polymerisation medium is an
effective way to control the molecular weight by
the monomer-to-alcohol molar ratio [8]. Initiation
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Figure 1. Chemical structure of cyclic dimers: (a) lactide;
(b) glycolide.and ROP process is shown in Figure 2 and Figure 3
[8, 9].
In a previous study ZnOct2 and methanol were
determined as interesting catalyst and initiator respec-
tively for the copolymerization of D,L-lactide and
glycolide [10]. One of the aims of this work is to
study the influence of different operational parame-
ters such as temperature (T), molar ratio monomer
to catalyst (MC ratio) and molar ratio initiator to
catalyst (IC ratio) and their interactions in the copoly-
merization process and to carry out the optimization
using Response Surface Methodology (RSM) to
quantify the effect of main parameters and their
interactions on polymer variables such as mass con-
version (X) and number-average molecular weight
(Mn) to produce suitable PLGA for subsequent use
in drug release. Moreover, the mathematical model
obtained provides a useful tool to select quickly and
effortlessly the proper experimental conditions to
achieve the desired properties of the polymer as a
previous step in the synthesis and impregnation of
biodegradable scaffolds [11, 12] without having to
carry out complex mathematical calculations based
on a rigorous theoretical model. Considering that this
work represents only a practical approach in order
to estimate the properties of the synthesized PLGA
for a further step of impregnation, the rigorous
study of the reactions that are taking place is not an
end in itself (unlike other specific mechanistic or
kinetic studies [10, 13–16]) so that this model of
‘black box’ is only a practical method to choose a
set of conditions for the polymerization process.
2. Experimental
2.1. Materials
Glycolide (G) (1,4-dioxane-2,5-dione; Purac Bio  -
chem bv, The Netherlands) and D,L-lactide (L) (3,6-
dimethyl-1,4-dioxane-2,5-dione; Purac Biochem bv,
The Netherlands) both with a purity higher than
99.5%. Zinc octoate (ZnOct2) (zinc (II) 2-ethyl-
hexanoate; Nusa, Spain) with a metal content of
12%. Methanol anhydre (MeOH) (SDS s.a., Spain)
with purity higher than 99.85%. Potassium bromide
(KBr) (Sigma-Aldrich, Spain) with purity higher
than 99%, for FTIR measures. Tetrahydrofuran
(THF) (HPLC grade; SDS s.a., Spain). 1,1,1,3,3,3-
hexafluor-2-propanol (Sigma-Aldrich, Spain) with
purity higher than 99.8%. And n-hexane (analytical
grade; Brenntag Químicas s.a., Spain). All products
were used as received.
2.2. Bulk polymerizations
All experiments were carried out in a set-up con-
sisting on a glass stirred-tank reactor with a volume
of 500 mL and put into a constant inert atmosphere
of nitrogen. The vessel was submerged into an oil
bath and heated using a hot plate. Temperature was
fixed by means of a temperature controller with a
sensor inside the reaction melted mixture. Samples
were collected along the reaction time through an
opening in the reactor cover.
In a typical experiment, the procedure took place as
described in [10] using a total monomer mass of
100 g, molar ratio D,L-lactide:glycolide (L:G) of
80:20 in order to get better control in the subse-
quent polymer degradation rate [17] and reaction
time of 3 h. All the experiments were carried out in
random order to avoid any kind of residual ten-
dency and minimize the effect of possible uncon-
trolled variables.
2.3. Polymer characterizations
2.3.1. FTIR
A Fourier transform infrared spectrometer (FTIR 16
PC, Perkin Elmer, Spain) was used to measure the
monomers ratio in polymer. All samples were dis-
solved in THF or 1,1,1,3,3,3-hexafluor-2-propanol
(THF-insoluble samples) with a concentration of
35 mg·mL–1, and were applied on potassium bro-
mide (KBr, standard infrared grade; Sigma-Aldrich
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Figure 2. Initiation with zinc-alkoxide formed via carboxy-
late-alkoxide ligand exchange reactions. R
denotes H or alkyl group, OctH is the 2-ethyl-
hexanoic acid, M is the lactide or glycolide mole-
cules and m is the polyester repeating unit [9]
Figure 3. Ring-opening polymerization of lactones: lactide
and glycolide [8]Química) pellets prepared by a manual hydraulic
press (Perkin Elmer, Spain) and heated in oven at
70ºC oven 30 min to allow the solvent to evaporate,
leaving a solid film. Poly(D,L-lactide) and copoly-
mers of PLGA standards with different molar com-
positions of two comonomers (Sigma-Aldrich
Química) were used as reference for the estimation
of the comonomer ratio in the polymer taking into
account the absorption bands of CH2 group
(1424 cm–1) and CH (1452 cm–1). Transmittance spectra
were recorded from 370 to 4400 cm–1. Figure 4
shows some examples of FTIR spectra with
assigned peaks.
2.3.2. GPC
The molecular weight distribution was determined
by gel permeation chromatography on a GPC chro-
matograph (Waters, Spain) equipped with two
columns (Styragel HR2 and Styragel HR0.5) and a
refractive index detector. Tetrahydrofuran (THF)
was used as eluent at 35ºC (flow: 1 mL·min–1; injec-
tion volume of 100 µL). Samples were dissolved in
THF at a concentration of 1.5 mg·mL–1 and filtered
before injection (pore size: 0.45 µm). Since no spe-
cific calibration was available, all measured molec-
ular weights are values polystyrene-equivalent val-
ues and can be used only as relative quantities.
2.3.3. Gravimetric analysis
A simple gravimetric analysis consisting in dissolv-
ing all monomer-impurified polymer samples, pre-
viously quantified, in THF and precipitating only
the polymer by the addition of n-hexane was carried
out in order to calculate the mass conversion of
each polymerization. The solid precipitate was fil-
trated under vacuum, drying in an oven at 70ºC for
a minimum of 13 hours and until constant weight.
2.3.4. TGA
Thermogravimetric analysis was used in order to
verify the mass conversion data obtained through
gravimetric method. A TGA (TA Instruments, Q600)
with a refrigerated cooling system was used. Sam-
ple weights were between 3–10 mg and the meas-
ures were run in aluminium pans until 210ºC (PLA)
or 250ºC (PLGA) using a ramp of 40ºC!min–1. The
TGA cell was purged with nitrogen gas flow of
100 mL!min–1. To estimate the polymer amount, TA
Universal Analysis 2000 software was utilized.
2.4. Response surface methodology (RSM)
and statistical analysis
RSM is commonly used in the study of empirical
relationships between measured responses and inde-
pendent variables (also called factors), minimizing
experimentation and leading to correlations which
can be used for optimization purposes [18].
The effect of the operating variables in the copoly-
merization process (temperature, MC ratio and IC
ratio) and their possible interactions on the mass
conversion (X) and number-average molecular
weight (Mn) as response variables were carried out
using a 23 full factorial design with two central
points. The levels of each factor are indicated in
Table 1 and were selected on the basis of prelimi-
nary studies of this polymerization system [10, 13–
15]. In order to allow a direct comparison of each
variable the independent variables were normalized
in the range –1 to +1 according to Equation (1):
                                     (1)
where xi is the normalized value of variable X at
condition i, Xi the dimensional value, and Xmin and
Xmax represent the dimensional inferior and superior
limits, respectively.
A statistical analysis was performed for these
results using the commercial software Statgraphics
xi 5
21Xi 2 Xmin2
1Xmax 2 Xmin2 2 1
xi 5
21Xi 2 Xmin2
1Xmax 2 Xmin2 2 1
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Figure 4. FTIR spectra for commercial homopolymers of
glycolide, D,L-lactide, commercial PLGA 75:25
and synthesized PLGA 74:26
Table 1. Levels of factors in the experimental design
Factor
Lower level
(–1)
Higher level
(+1)
Temperature [ºC] 120 160
Molar ratio monomer/catalyst 100 500
Molar ratio initiator/catalyst 0.5 25.1 Plus (Manugistics, Inc. Rockville, MD, USA).
The analysis of variance (ANOVA) provided a study
of the variation present in the results of experiments
carried out and the test of statistical significance, p-
value, was determined according to the total error
criteria considering a confidence level of 95%. The
influence of a factor will be significant if the value
of critical level (p) is lower than 0.05; discarding the
meaningless parameters for p-values over 0.05 [19].
As a result of the RSM, an empirical model encom-
passing all the operating variables and their binary
interactions was calculated. Nevertheless, once the
factors with statistical significance in mass conver-
sion and number-average molecular weight were
determined, the rest of the meaningless information
was deleted from this model, obtaining new equa-
tions, for X and Mn, which fitted the experimental
data representing much correctly their scientific
meaning and avoiding fitting terms for discarded
variables or their interactions.
3. Results and discussion
As commented before, the effect of the operating
variables (T, MC ratio and IC ratio) and their possi-
ble interactions on the mass conversion (X) and
number-average molecular weight (Mn) were stud-
ied using a 23 full factorial design. The standard
experimentation matrix is shown in Table 2.
Columns 2 to 4 give the variable levels coded in the
dimensionless coordinate while as columns 5 to 7
give the dimensional variable levels. Table 2 also
shows the experimental values obtained for the
selected responses (columns 8, 9, 11 and 12) together
with theoretical number-average molecular weight
(column 10) supposing activity of both active cen-
tres of Zn(Oct)2 and calculated according to the fol-
lowing Equation (2) [15]:
                     (2)
where M/C is the molar ratio monomer to catalyst,
Mn is the experimental number-average molecular
weight, X is the total monomer conversion and
Mweighted is a weighted molecular weight for a
pseudo-monomer formed by a mixture of both co-
monomers, assuming that monomer mixture com-
position does not change along the reaction (80:20
for D,L-lactide and glycolide, respectively). So, for a
conversion of 100% Mtheoretical should be 6900
approximately.
3.1. Statistical analysis in RSM: ANOVA test
and evaluation of the effect of curvature
The analysis of main effects and their interactions
for the chosen responses are shown in Table 3. Sta-
tistically significant effects are underlined accord-
ing to p-values calculated.
In order to obtain correlations to predict the
responses values along the interval studied, it is
necessary to evaluate the curvature and the effect of
curvature. Curvature (C) can be calculated as the dif-
ference between the mean value of the response ana-
lyzed considering all the experimental points (ym)
and the mean value of the response analyzed con-
sidering only the central points (ymCP). Effect of
curvature (EC) is obtained through the Equation (3):
                                             (3) EC 5 t~s~Ä
1
N
1
1
r
Mtheoretical 5
1
2~
Mn
C ~
X3,4
100 ~Mweighted Mtheoretical 5
1
2~
Mn
C ~
X3,4
100 ~Mweighted
EC 5 t~s~Ä
1
N
1
1
r
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Table 2. Experimental matrix and results for the full 23 factorial designa
aConditions for all experiments: Total monomers mixture weight, 100 g; molar ratio L:G = 80:20; stirring rate, 100 N; t = 3 h.
bMtheoretical is the theoretical number-average molecular weight of PLGA and it has been calculated using Equation (2).
cPDI is the polydispersity index , necessary together Mw or Mn to fully describe the morphology of the polymer chains in
the molecular weight distribution.
aPDI5
Mw
Mn
b aPDI5
Mw
Mn
b
Run
T
[ºC]
M/C I/C
T
[ºC]
M/C I/C X
M
[g/mol]
Mtheoretical
b
[g/mol]
PDIc L:G
[%]
1 –1 –1 –1 120 100 0.5 0.65 13 700 4 500 1.67 72:28
2 +1 –1 –1 160 100 0.5 0.87 22 600 6 000 1.61 80:20
3 –1 +1 –1 120 500 0.5 0.87 12 900 29 500 1.66 71:29
4 +1 +1 –1 160 500 0.5 0.97 18 600 33 400 1.66 77:23
5 0 0 0 140 250 1 0.80 15 500 13 600 1.64 71:29
6 –1 –1 +1 120 100 2 0.69 11 100 4 700 1.53 69:31
7 +1 –1 +1 160 100 2 0.98 18 000 6 700 1.67 74:26
8 –1 +1 +1 120 500 2 0.40 3 600 13 500 1.49 61:39
9 +1 +1 +1 160 500 2 0.99 23 600 33 900 1.87 73:27
10 0 0 0 140 250 1 0.78 14 900 13 400 1.85 73:27where t is the t parameter from the Student’s t-dis-
tribution, s is the standard deviation, N is the num-
ber of experiments and r is the number of central
points.
According to Table 4 the effect of curvature was not
significant for any response. The lack of significance
of the curvature indicates the validity of the pure
design in the experimental range analyzed and shows
that linear terms and their interactions are enough to
describe the responses studied and, consequently,
quadratic terms are not necessary.
3.2. Mass conversion
From results in Table 2 and using RSM (Table 3),
the only factors affecting mass conversion are T, IC
ratio, the binary interaction T-IC ratio and the
binary interaction MC-IC ratio.
It can be concluded from the RSM that T is the main
effect and it is positive along the interval. Obvi-
ously the polymerization reaction rate follows the
Arrhenius Law and conversion increases for the
same reaction time at higher temperatures. For that
reason, in most of the experiments conversions
above 0.95 are reached at 160ºC . However, for those
experiments at 120ºC conversion falls down because
the advance of the polymerization is much slower
and conversion is still quite low at three hours.
The IC ratio had a negative effect according to
Table 3. It can be explained taking into account that
the initiator acts also as chain transfer agent. Its
presence in the media favours the occurrence of ter-
mination reactions (chain transfer) which cuts the
growth of the polymer chain even though a signifi-
cant quantity of monomer remains in reaction
medium. The observed effect is that the conversion
decreases markedly. An excess of a chain transfer
agent like methanol in the medium [15], which cor-
responds with IC ratio = 2 produces an early decel-
eration of the conversion growth.
Since both effects are opposed and a binary interac-
tion T-IC ratio exists (Figure 5a), the combined
effect of both produces different results depending
on the considered level. As previously commented,
temperature is the main effect according to RSM
analysis. For that reason at the higher temperature
level its effect on conversion prevail over the IC ratio
because although there is an excess of methanol
(initiator) in the reaction medium, the conversion
reaches elevated values in a very short period of
time. Nevertheless, for the low T level, the reaction
rate is not fast enough to stand out its effect over
higher values of IC ratio. As a result, the chain
transfer reactions become more noticeable than
polymerization reaction and the mass conversion
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Table 3. Estimated effects, interactions and ANOVA analysis from 23 factorial design for the polymerization system
Factor of interaction
X Mn
Effects (±s) p-Value Effects (±s) p-Value
T 0.3 (±0.014) 0.0019 10375 (±424.264) 0.0042
M/C 0.011689 (±0.014) 0.4603 –1575.47 (±424.264) 0.1433
I/C –0.011689 (±0.014) 0.0297 –2742.29 (±424.264) 0.0545
T·M/C 0.045 (±0.014) 0.0740 2475 (±424.264) 0.0670
T·M/C 0.14 (±0.014) 0.0085 3075 (±424.264) 0.0450
M/C·M/C –0.150563 (±0.014) 0.0073 691.823 (±424.264) 0.4129
T·M/C·I/C 0.105 (±0.014) 0.1490 4075 (±424.264) 0.0664
Table 4. Curvature and effect of curvature calculated for
both responses
ym ymCP
Curvature
(C)
Effect of curvature
(EC)
X 0.8025 0.79 0.0125 0.0706
Mn 15512.5 15200 312.5 2117.7129
Figure 5. Response surfaces plot showing the combined effect T-IC ratio (a) and MC-IC ratios (b) on the mass conversion
as a result of RSM analysisdecreases when IC ratio increases at this tempera-
ture.
Moreover, a binary interaction between MC-IC
ratios also exists. In this case, the MC ratio has not
signification and the results must be analyzed
together IC ratio. Figure 5b shows the combined
effect of both variables over the conversion. Mainly,
the effect of a decrease in MC ratio, and therefore
an increase in the quantity of catalyst added to the
system, is an increase of conversion since polymer-
ization rate is accelerated. Consequently, the effect
is similar to previous interaction: at low MC ratios
(high amount of catalyst in reaction medium) its
effect is stronger than the effect of chain transfer-
ence, so the mass conversion increases in all the
interval of IC ratios. When MC ratio is high (low
amount of catalyst) the chain growth is not so fast,
so high values of IC ratio (large amounts of methanol
which acts a chain transfer agent) produce a growth
ineffective an earlier step of polymerization and as
a consequence the mass conversion decreases.
As described before above, according to Table 4 the
effect of curvature was no significant, indicating the
validity of pure fractional design in the experimen-
tal range analyzed, so that second-order models
were not necessary to describe the process. Equa-
tion (4) that relates the mass conversion to the inde-
pendent variables can be expressed in the following
terms:
         (4)
where the values of all variables are specified in
their original units.
3.3. Number-average molecular weight
According to data shown in Table 2 and using RSM
(Table 3), the more influential factor on the molecu-
lar weight is T together to the binary interaction T-
IC ratio. In this case, the effect of temperature is
also positive according to Arrhenius equation due to
an increase in the polymerization rate promotes the
chains growth and, consequently, their molecular
weight.
Analogously to the previous section and according
to Figure 6, the binary interaction T-IC ratio has a
similar positive effect in Mn and X during the poly-
merization process. Comparing Figure 6 with Fig-
ure 5a, this similarity can be easily understood tak-
ing into account that a larger extension of the
polymerization can be evaluated through the mass
conversion (based on the ratio between the amount
of initiated chains in relation to the amount of unre-
acted monomer) or the molecular weight of the syn-
thesized polymer. At higher temperatures its effect
is more noticeable than the action of methanol as
chain transfer agent even when a large amount is
added to the system. Therefore, Mnis always increas-
ing in all the interval of IC ratios. At low tempera-
ture, the tendency is the same although less marked
that for the case of mass conversion: reaction rate is
slower due to the Arrhenius Law and consequently
any reaction of chain transfer produced by methanol
(especially at higher IC ratios) stops the polymer-
ization. In this case, the decreasing of Mn is minor
and for that reason the slope of the response surface
is less pronounced.
As it can be observed in Table 2, the experimental
Mn values resulted quite low in comparison to theo-
retical M in experiments with MC ratio of 500. A
possible explanation for these low molecular weights
could be in the few quantity of catalyst employed
that limits the conversion of zinc octoate into zinc
alkoxide for the initiation reaction (Figure 2). This
fact generates a competition between this reaction
and other secondary reactions (transesterification,
interesterification) that could be produced even by
impurities or humidity traces in the polymerization
mixture [20]. It would justify the negative influence
of MC ratio although it has not signification in the
statistical analysis. On the contrary, for experiments
carried out with MC values of 100 the quantity of
catalyst is not a limiting reagent in the reaction. In
this case, experimental Mn values are significantly
larger than theoretical ones which means that only
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M
C ~
I
C
11.750~1025~T~
M
C~
I
C
10.184~
I
C
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M
C
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I
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Figure 6. Response surface plot showing the combined
effect of temperature together IC ratio on the
number-average molecular weighttakes place the substitution of one carbolixate group
from Zn(Oct)2 for one methoxide group of initiator
[21].
Due to the lack of significance of the effect of cur-
vature, the fitting of data to a first-order model gave
as a result an empirical relationship between the
dependent variable Mn and the independent vari-
ables described by the Equation (5):
                      (5)
where the values of all variables are specified in
their original units.
3.4. Equations fitting according the significant
effects and comparison of predicted
parameters with experimental values
Equations (4) and (5) have been considered as a
result of applying the RSM. Once they were calcu-
lated, the non-influential effects were deleted in
them and consequently changing into Equations (6)
and (7) respectively:
       (6)
                                                 (7)
These new equations gave different predicted val-
ues which were compared with the experimental
ones according to Figure 7. Residuals of values given
by both models versus fitted values were graphi-
cally represented. As it can be appreciated, the val-
ues predicted with the Run 2 fitted the experimental
ones reasonably (the best accuracy was obtained
with the mass conversion model) and additionally
the scientific meaning with respect to the Run 1 was
improved. If the residuals of both Runs are ana-
lyzed, it can be appreciated that the variability of
the simplified model is slightly greater although the
tendency continues to be linear, the residuals are
quite symmetrical and there is no heteroscedastic-
ity. Therefore, the acceptance of the model has been
confirmed.
3.5. Global optimization of the polymerization
process
From previous results, the optimization of polymer-
ization process for variables X and Mn cannot be
performed in a separated way due to different ten-
dencies in the effects of the studied parameters
depending on the range values. For that reason it is
necessary to optimize the values of T, MC ratio and
IC ratio in order to select the best operation condi-
tions in the experimental range analyzed.
Regarding to the mass conversion of polymer, a
high value is desired since it minimizes the quantity
of unreacted monomer as potential impurity which
could perturb the drug release process. The appro-
priate conditions which achieve this criterion
included to work at high temperature (160ºC) and to
use values of MC and IC ratios which do not pro-
mote the competition of the initiation step of poly-
merization with other ones and do no generate an
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Figure 7. Graphical representation of residuals given by both models versus fitted values for: (a) X; (b) Mn. Empty circles
corresponds to the first run of the model and filled circles corresponds to the second runexcess of methanol that acts as a chain transfer
agent. Namely, values of 100 and 0.5 for MC ratio
and IC ratio respectively.
However, in relation to Mn and according not only
to the specific polymer characteristics but their sub-
sequent use as biodegradable scaffold in controlled
drug release, it is not necessary to achieve its maxi-
mum value. Authors [22–25] use a wide variety of
values of PLGA molecular weight for this purpose,
although molecules of PLGA with molecular
weight values around 20000 seem to be suitable for
their use in controlled drug release [26, 27]. So as
long as a temperature of 160ºC is selected, this tar-
get value is reached and any value of MC ratio or IC
ratio would be appropriate.
Finally, in order to determine globally the best oper-
ating conditions, it is necessary to consider copoly-
mer composition because it plays a relevant role due
to its influence to modulate the degradation rate of
the scaffold [17]. For this reason, this variable
should be taken into account. According to litera-
ture [22, 28, 29], L:G molar compositions of PLGA
of 50:50, 85:15 and 75:25 are widely used and
ratios around 75:25 are highly desirables since they
achieve high control on the degradation rates [17].
From Table 2, the experimental conditions which
accomplish all the previous requirements of mass
conversion, number-average molecular weight and
copolymer composition are: 160ºC, MC ratio of 100
and IC ratio of 2, and they can be determined as the
optimal polymerization conditions.
4. Conclusions
RSM has been used in this work to screen variables
affecting copolymerization in bulk of D,L-lactide
and glycolide, to estimate the main effects caused
by these variables individually and by their interac-
tion and to develop an empirical model to optimize
the resultant copolymer in order to get the best
option for its subsequent use as tissue scaffold and
drug release device. This model provides a practical
tool in order to avoid a rigorous mechanistic study
of the polymerization in this preliminary step of the
research.
The regression models proposed to predict mass
conversion (X) and number-average molecular
weight (Mn) were found to fit experimental data
properly after identified the experimental variables
statistically significant and simplified the model
only using them.
Temperature of 160ºC and molar MC ratio and IC
ratio of 100 and 2 respectively were selected as the
optimal experimental variables in order to maxi-
mize the value of X and produce a relatively high
Mn, producing the appropriate PLGA for the subse-
quent stages of the synthesis of biodegradable scaf-
folds.
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